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illuminated	 by	 a	 laser	 sheet	 are	 monitored,	 and	 the	 intruding	 fluid’s	 flow	 dynamics	 and	21	
gelatine’s	 sub-surface	 strain	 evolution	 is	 measured	 using	 particle	 image	 velocimetry	 and	22	
digital	image	correlation,	respectively.	We	identify	4	previously	undescribed	stages	of	dyke	23	





eruption	 unsteady	 growth:	 an	 instability	 in	 the	 fluid	 flow	 appears	 as	 the	 central	 fluid	 jet	29	
meanders,	 the	 dyke	 tip	 accelerates	 towards	 the	 surface	 and	 the	 tail	 thins.	 Surface	30	





framework	upon	which	 to	 interpret	evidence	of	dyke	ascent	 in	nature,	and	suggests	dyke	36	








































Gudmundsson	 2003)	 and	 rarely	 in	 3D	 (e.g.	 Kavanagh	 and	 Sparks	 2011).	 	However,	 only	 a	77	
partial	 record	will	 be	 preserved	 and	 it	 can	 be	 difficult	 to	 distinguish	 pre-,	 syn-	 and	 post-	78	











due	 to	 buoyancy;	 dyke	 ascent	 in	 nature	 represents	 the	 release	 of	 gravitational	 potential	90	
energy	on	a	planetary	scale	(see	Putirka	(2017)	for	a	review)	and	the	release	of	elastic	energy	91	





dyke	propagation	models	have	considered	a	 range	of	physical	processes	 that	 impact	dyke	97	
ascent,	including	magma	buoyancy	(e.g.	Takada	1990;	Rivalta	et	al.	2005;	Taisne	and	Jaupart	98	
2009),	 solidification	 (e.g.	 Taisne	 and	 Tait	 2011),	 deformation	 of	 the	 host	 material	 (e.g.	99	
Abdelmalak	 et	 al.	 2012,	 Kavanagh	 et	 al.	 2015),	 interaction	 with	 a	 load	 or	 stress	 field	100	
(Watanabe	et	al.	2002;	Daniels	&	Menand	2015;	Menand	et	al.	2010;	Maccaferri	et	al.	2014;	101	
Pinel	 &	 Jaupart	 2000),	 mechanical	 layering	 (e.g.	 Kavanagh	 et	 al.	 2006)	 and	 pre-existing	102	
structures	or	weak	boundaries	(e.g.	Le	Corvec	et	al.	2013a;	Kavanagh	et	al.	2017).	Technical	103	
challenges	have	meant	that	analogue	experiments	have	studied	either	the	magma	or	the	host	104	
solid,	 and	 yet	 the	 coupled	 nature	 of	 dyke	 intrusion	 means	 that	 the	 simultaneous	105	
quantification	of	both	aspects	is	needed.		106	
In	this	invited	paper,	here	we	describe	a	new	series	of	novel	laboratory	experiments	where,	107	





the	potential	 of	 the	 rock	 record	 to	preserve	both	 flow	dynamics	 in	 crystalline	 fabrics	 and	113	








distilled	water	at	approximately	90	ºC,	and	 this	was	 then	diluted	 further	by	20	kg	of	 cold	122	
distilled	water	to	create	the	final	desired	concentration.	Distilled	water	was	used	to	inhibit	123	








The	Young’s	modulus	of	 the	gelatine	solid	was	measured	 immediately	prior	 to	 running	an	132	
experiment.		To	do	this	the	experiment	tank	was	taken	out	of	the	refrigerator	and	the	plastic	133	






! = #$ %&'()* 	 	 	 	 	 	 	 	 	 [1]	140	
where	m	is	the	mass	of	the	experiment	load,	g	is	gravity,	n is	Poisson’s	ratio	of	the	gelatine	141	
(0.5,	according	to	Righetti	et	al.	2004),	D	is	the	load	diameter	and	w	is	the	deflection	it	causes	142	











+∗ = 3435 = -.∗/0∗ (1,		 	 	 	 	 	 	 	 [3]	154	
Timescale	T*:	155	 6∗ = 7475 = 89:;<=∗>( ?@∗>1 ∆8 &BC,		 	 	 	 	 	 [4]	156	
Velocity	scale	U*:	157	 D∗ = E4E5 = ∆8∗ >C?@∗>189:;<=∗&>( ,		 	 	 	 	 	 [5]	158	






0.05	m/s	 in	nature.	Kavanagh	et	al.	 (2013)	found	that	E*	=	2	x	10-6	 to	2	x	10-5,	and	as	our	166	
laboratory	measurements	of	Young’s	modulus	span	2000-3000	Pa	(Table	1)	this	corresponds	167	
to	rocks	in	nature	that	have	a	Young’s	modulus	of	0.1-1.5	GPa.	These	values	are	geologically	168	









to	 the	 crack.	 	 To	 this	 basic	 setup,	 additional	 imaging	 apparatus	 are	 used	 and	 these	 are	178	





perpendicular	 to	 the	 dyke	 strike	 direction	 (x-z	 plane,	 see	 Figure	 1a).	 	 Gelatine	 solids	 are	184	
















measurement	 points	 positioned	every	 0.5	mm	along	 the	projection.	 Each	point	 along	 the	201	
projection	is	assigned	a	height	value	that	corresponds	to	the	distance	between	the	surface	of	202	





transect	 to	 illustrate	 the	 change	 in	 topography	 over	 time.	 Using	 the	 statistical	 analysis	208	















































of	 interest	 being	 identified	 in	 the	 experimental	 images	using	 an	 intensity	 threshold.	 	 This	256	
processing	step	eliminates	vectors	outside	the	region	of	interest	that	are	purely	the	result	of	257	
measurement	noise.	258	












	 	 	 	 	 	 	 [7]	271	
where	 v	 is	 the	 displacement	 vector,	 and	 x	 is	 the	 spatial	 coordinate.	 	 Thus,	 in	 the	 two-272	
dimensions	of	interest	in	the	DIC	experiments,	u	and	w	are	vector	displacements	in	the	x-	and	273	
z-	directions,	respectively,	274	
	 	 	 	 	 	 	 	 	 [8]	275	
and	276	
	 	 	 	 	 	 	 	 	 [9]	277	
for	the	normal	components	of	strain	I.		278	
The	shear	components	are	equal	due	to	symmetry,	so,	279	
	 	 	 	 	 	 [10]	280	
As	the	DIC	provides	discrete	data	on	an	even	grid	we	simply	estimate	the	gradients	using	a	281	
central	differencing	scheme,	such	that,	282	
	 	 	 	 	 	 	 [11]	283	
	 	 	 	 	 	 	 [12]	284	
and,	285	
	 	 	 	 [13]	286	













very	 useful	 to	 demonstrate	 the	 evolving	 stress	 field	 during	 dyke	 propagation	 using	 the	300	












3b).	 	 In	 Stage	 2,	 the	 dyke	 length	 and	 width	 continue	 to	 steadily	 grow	 at	 approximately	313	
constant	velocity	(Figure	3b).		Stage	3	marks	the	lead	up	to	eruption,	where	the	dyke	begins	314	
to	accelerate	towards	the	surface,	its	length	increases	at	a	faster	rate	than	its	width,	and	it	315	
develops	 an	 elliptical	 geometry	 towards	 eruption	 (Figure	 2iii,	 c).	 At	 stage	 4	 the	 dyke	 tip	316	
reached	the	surface	and	it	erupted	to	form	a	short	fissure,	and	fluid	was	extruded	onto	the	317	
gelatine	surface.		The	fissure	measured	approximately	5	cm	in	length,	and	the	fissure	margins	318	
























continued	down-flow	at	 the	dyke	margins.	 	 The	maximum	 flow	velocities	 in	 Stage	3	have	343	
slightly	increased	compared	to	stage	2	and	are	up	to	6.9	x	10-3	m/s.		The	two	elliptical	almost-344	
static	fluid	regions	between	the	upward	jet	and	dyke	margin	remain	and	have	grown	in	size.		345	









x-z	 plane	 presenting	 a	 cross-section	 around	 the	 growing	 experimental	 dyke	 (see	355	
Supplementary	Video	Figure	3).		The	laser-illuminated	plane	reveals	sharp	margins	of	the	dyke	356	
as	 it	 grows,	 and	 offers	 the	 opportunity	 to	 record	 in	 detail	 the	 evolving	 cross-sectional	357	
thickness	 variation	 as	 the	 dyke	 grows	 in	 addition	 to	 quantifying	 the	 evolving	 incremental	358	
















occur	compared	 to	Stage	1,	however	 their	values	have	all	 slightly	decreased.	Uplift	of	 the	375	







Stage	3:	Shortly	prior	 to	 the	dyke	erupting,	 the	dyke	 tip	 remians	 the	 focus	of	 incremental	383	
strain;	but,	 the	magnitude	and	extent	of	 the	strain	components	 significantly	changes.	The	384	















the	 dyke	 approached	 the	 surface.	 	 There	was	 no	 change	 in	 surface	 topography	 detected	400	
during	the	majority	of	dyke	ascent	(see	Supplementary	Video	Figure	1c),	and	it	was	only	when	401	
the	dyke	tip	reached	approximately	<4	cm	depth	(during	the	final	120	seconds	of	ascent,	see	402	












within	 the	crust	 (Crisp,	1984).	Determining	 if	magma	will	breach	 the	surface	 is	of	primary	415	
concern	for	volcanic	hazard	assessments.		Dyke	ascent	in	nature	can	be	studied	during	ascent	416	
or	 post-emplacement;	 however,	 in	 both	 cases	 visualising	 the	 three-dimensional	 evolving	417	
geometry	of	the	dyke	is	challenging	and	requires	extrapolation	from	often	two-dimensional	418	
datasets	(Kavanagh	2018).	Evidence	of	magma	flow,	crust	deformation	and	dyke	eruption	is	419	
only	partially	recorded.	 	Our	 laboratory	experiments	can	help	 inform	the	 interpretation	of	420	
natural	data	and	challenge	existing	numerical	models	of	dyke	ascent.	421	
4.1.	Synthesising	laboratory	experimental	results	422	
The	 range	 of	 laboratory	 experiment	 monitoring	 techniques	 we	 have	 employed	 arguably	423	
represent	the	most	detailed	and	comprehensive	description	and	analysis	of	coupled	fluid	flow	424	













also	 at	 this	 stage	 that	 surface	 deformation	 is	 first	 recorded,	 resulting	 in	 the	 progressive	438	






that	 expected	 by	 analytical	 elastic	 models;	 the	 deformation	 comprised	 elevated	 regions	445	











(e.g.	 Lister,	 1990	a,	 b;	 and	 Spence	et	 al.	 1987).	 The	 circulation	of	 fluid	we	observe	 in	 the	457	





fluid	 flow	should	be	predominantly	vertical	 inside	the	dyke.	 	However,	our	results	suggest	463	
that,	 despite	 not	 having	 attained	 their	 ‘buoyant	 length’	 and	 only	 having	 a	 small	 density	464	
contrast	between	intruding	fluid	and	intruded	host,	our	experimental	dykes	have	the	ascent	465	







	 JK = -.L;	,	 	 	 	 	 	 	 	 [14]	473	
where	Kc	is	the	fracture	toughness	of	the	gelatine	and	l	is	the	crack	length.		Gelatine’s	Kc	can	474	
be	estimated	by	the	relationship	(Kavanagh	et	al.,	2013):	475	
	 ?@ = 1.4 !.	 	 	 	 	 	 	 	 [15]	476	
In	our	experiments,	E	=	2000-3000	Pa	and	so	we	estimate	Kc	=	63-77	Pa	m1/2.		However,	the	477	
density	 difference	 between	 the	 injected	 fluid	 and	 the	 intruded	 gelatine	 also	 results	 in	 a	478	
buoyancy	pressure	Pb	(Rubin,	1995):	479	















experimental	 dyke	 developed	 a	 pinched	 tail	 and	 ‘teardrop’	 morphology	 as	 the	 dyke	495	
propagated	through	the	tank	towards	eruption.		This	geometry	is	similar	to	that	expected	of	496	
a	 ‘Weertman	 crack’,	where	 a	 fixed	 volume	 injection	 ascends	 buoyantly	 though	 an	 elastic	497	
material	(Weertman,	1971).	This	geometry	occurred	despite	the	crack	receiving	a	constant	498	
flux	of	fluid,	and	remaining	connected	to	the	source	(even	if	the	connection	is	very	small).	Our	499	










the	 best	 access	 to	 the	 dyke;	 however,	 exposure	 is	 often	 limited	 to	 partial	 2-dimensional	510	
sections	 and	 unravelling	 syn-	 and	 post-emplacement	 textures	 from	 the	 time-sequence	 of	511	
magma	solidification	is	difficult.		However,	there	are	several	macroscopic	flow	indicators	that	512	
can	be	used,	 including	elongated	vesicles	that	are	aligned	(e.g.	Figure	7),	scour	marks	(e.g.	513	
Smith,	 1987),	 phenocryst	 alignment	 (e.g.	 Bhattacharji	 and	 Smith,	 1964),	 drag	 folds	 (e.g.	514	
Walker	et	al.	2017)	and	cataclastic	elongation	of	phenocrysts	(Smith,	1987).		Magnetic	fabrics,	515	
such	as	AMS	have	also	been	used	 to	 infer	magma	 flow	 (e.g.	Herrero	Bervera	et	al.	2001).		516	
Temporal	variations	in	flow	are	postulated	based	on,	for	example,	bubble-rich	and	bubble-517	
poor	 coupled	 bands	 that	 suggest	 pressure	 fluctuations	 (see	 Figure	 7c	 and	 d).	 Any	 flow	518	
indicator	needs	to	be	used	with	caution,	especially	as	the	final	stages	of	magma	flow	may	be	519	
drainage	or	back-flow	towards	the	source	(e.g.	Lundgren	et	al.	2013).			520	
Our	 experimental	 results	 of	 the	 vectors	 of	 fluid	 flow	 during	 dyke	 intrusion	 and	 eruption	521	
provides	important	dynamical	constraints	that	will	likely	aid	the	interpretation	of	flow	fabrics	522	
within	 intrusions,	 in	 particular	 due	 to	 the	 identification	 of	 distinct	 stages	 of	 dyke	 ascent	523	
leading	to	eruption.		In	our	experiments,	the	fluid	initially	circulated	in	two	jets	as	the	pre-cut	524	
was	 first	 filled	 and	 then	 the	 crack	 began	 to	 propagate.	 This	 particular	 flow	 pattern	 was	525	
potentially	 an	 artefact	 of	 the	 initial	 injection	 conditions,	 and	 could	 have	 formed	 by	 the	526	
injector	being	partially	blocked	by	incomplete	breaking	of	the	petroleum	jelly	seal.		This	early	527	






observations	 therefore	 suggest	 that	 fluid	 flow	 trajectories	within	 a	 non-feeder	 dyke	 (that	534	
does	not	erupt)	may	be	highly	variable	with	upward,	lateral	and	downward	flow	occurring.	535	




channelisation	 within	 natural	 dykes	 may	 occur	 in	 nature,	 resulting	 in	 progressive	 and	540	
preferred	erosion	of	the	country	rock	due	to	the	sustained	and	rapid	fluid	flow,	leading	to	the	541	
development	of	asymmetrical	dyke	geometries	in	the	rock	record	(e.g.	Kavanagh	and	Sparks,	542	




increases.	 	 Future	 experiments	 will	 be	 required	 to	 assess	 the	 impact	 of	 non-Newtonian	547	
rheologies	on	the	flow	dynamics	within	a	propagating	dyke	548	
4.4.	Host-rock	deformation	in	nature	549	
The	conceptual	 framework	used	 in	our	 laboratory	 study	 is	 that	dykes	 can	be	modelled	as	550	
hydraulic	fractures	that	intrude	an	elastic	material,	which	is	in-keeping	with	assumptions	used	551	
during	 real-time	monitoring	 and	 inversion	modelling	 of	 intrusion-induced	 deformation	 at	552	











pre-existing	 structures	 that	 were	 exploited	 by	 the	 ascending	 magma,	 although	 the	564	
exploitation	of	existing	fractures	is	likely	to	be	a	relatively	near-surface	process	(Rubin,	1995).	565	
A	 potentially	 valuable,	 yet	 unexplored	 tool	 to	 study	 the	 micro-	 scale	 damage	 zone	566	
surrounding	hydraulic	fractures	(e.g.	dykes)	are	Fluid	Inclusion	Planes	(FIPs).	Fluid	Inclusion	567	





Pecher	 et	 al.	 1985)	 and	 are	 potential	 indicators	 to	 the	 paleostress	 field	 (Lespinasse	 and	573	
Pecher,	1986).	The	healing	process	is	relatively	quick	in	relation	to	geological	time	(Smith	and	574	
Evans,	1984)	and	they	form	as	Mode	I	fractures,	occur	predominately	perpendicular	to	the	575	




such	 as	 feldspars,	 however,	 which	 have	 more	 complex	 cryptographic	 features,	 such	 as	580	
twinning	 and	 the	 presence	 of	 cleavages,	 can	 alter	 the	 preservation	 or	 have	 preferred	581	
orientations	 of	 FIPs	 (Lespinasse	 1999).	 Observations	 of	 FIPs	 can	 be	 made	 optically	 at	582	
magnifications	 as	 low	 as	 x10,	 as	 shown	 in	 Figure	 8a;	 however	 optical	 observations	 are	583	
somewhat	hindered	due	to	the	healing	process,	making	many	FIPs	invisible	in	plane	polarized	584	




16	potential	 FIPs.	 The	SEM-CL	provides	a	more	complete	 image	of	 FIPs,	making	 it	 a	more	589	
effective	structural	tool	to	assess	host-rock	damage	around	dykes.	590	
5.0	Conclusions	591	




















geometry	 as	 the	 dyke	 tip	 begins	 to	 accelerate	 towards	 the	 surface.	 	 The	612	
pinched	 tail	of	 the	ascending	dyke	migrates	 towards	 the	surface.	 	The	dyke	613	
trajectory	 is	 deflected	 as	 shear	 stresses	 intensify,	 and	 the	 dyke	 stress	 field	614	





dyke.	 Flow	 is	 focused	 towards	 the	 vent	 and	 the	 active-region	 of	 flow	 is	620	
increasingly	focused	towards	the	surface	as	the	pinched	dyke	tail	zips	closed	621	
from	depth	and	accelerates	towards	the	surface.	622	
The	experimental	 results	emphasise	 the	 importance	of	considering	coupled	 fluid	 flow	and	623	
host	deformation	when	developing	the	next	generation	of	dyke	ascent	models,	to	inform	the	624	
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Experiment	#	(Ref)		 X	(wt%)	 H	(m)	 r (kg/m3)	 Tmix	(ºC)	 T	(ºC)	 tset	(hr)	 Q	(m3/s)	 E	(Pa)	 t	(s)	 Technique	
1	(SD07)	 2.5		 0.24	 1002.5	 24	 5	 24	 3.9	x10-7		 2921	 480	 Pol,	Surf	Def	
2	(SD09)	 2.5		 0.24	 1002.5	 23	 5	 23	 3.9	x10-7		 3042	 500	 Pol,	Surf	Def	
3	(AJB01)	 2.5		 0.25	 1002.5	 22	 5	 16	 3.9	x10-7		 2030	 416	 PIV	







	 Geometry	 Material	 m	(kg)	 a	(m)	
Load	A	 Cylinder	 Brass	 0.0501	 0.0125	












surface	 (x-y	 plane),	 centred	 on	 the	 injection	 point	 and	 perpendicular	 to	 the	 dyke	 strike-814	
direction.		Three	HD	cameras	monitor	the	growth	of	the	dyke	(HD-1	x-z	plane,	HD-2	y-z	plane,	815	








































1:	 a)	 Cumulative	 surface	 deformation	 from	 120-20	 seconds	 prior	 to	 eruption,	 where	856	











palaeo-flow	 direction	 (red	 dashed	 arrow).	 c)	 Dyke’s	 x-y	 plane:	 Photograph	 of	 a	 complete	868	

















Supplementary	 Video	 Figure	 S3:	 Experiment	 to	 visualise	 and	 measure	 sub-surface	886	
incremental	strain	evolution	in	the	host	material	around	a	growing	dyke	(Experiment	4):	a)	887	
Time-lapse	video	created	from	CCD	camera	images,	and	b)	video	of	incremental	strain	(colour	888	
map)	and	displacement	 (arrows).	Note	 the	colour	bar	and	 the	vector	arrow	scales	change	889	
between	frames.	890	
